Abstract: Hydroxyapatite (HA) coatings with strong (002) preferred orientation were successfully prepared on Ti-6Al-4V substrates with conventional atmospheric plasma spraying (APS). The intensity changes of (002) preferred orientation along the coating depth were investigated and the mechanical properties of these coatings were analyzed. Results indicated that the intensity of (002) preferred orientation at a distance of longer than~90 mm from the interface showed a high value, where uniformly distributed columnar grains in a direction perpendicular to the coating surface were observed. The results obtained from experiments on the mechanical properties revealed that the (002) oriented coatings prepared by conventional APS technique exhibited excellent mechanical properties. Meanwhile, this study provided a simple and rapid method for the preparation of HA coatings with (002) preferred orientation.
Introduction
A high bioactivity and long-term durability hydroxyapatite (HA) coating is required for medical applications. Oriented HA coatings have attracted attention due to their high chemical stabilities and good mechanical properties [1, 2] . Research has shown that HA crystals in both long bones and tooth enamel have a preferred orientation [3, 4] . Such oriented HA ceramics may enable control over cellular behavior [5, 6] . In particular, in vitro behavior has shown that HA crystals with (002) preferred orientation promote cell adhesion [7] . Therefore, the preparation of HA coatings with (002) preferred orientation might be highly reliable in medical applications. The authors have recently found that HA coatings with strong (002) preferred orientation can be obtained on Ti-6Al-4V substrates using a micro-plasma spraying (MPS) process [8] [9] [10] . The influence of the spraying parameters on the preferred orientation of MPS-deposited HA coatings was studied. We found that the highest (002) oriented HA coatings were prepared by 60 mm spraying distance with a spraying current of 40 A. At a lower spraying power (<40 A) or shorter spraying distance (<60 mm), the presence of partially melted particles was unfavorable to the formation of preferred orientation. When the spraying current exceeded 40 A, the increased spraying current led to a decrease in the purity and intensity of preferred orientation. At the same spraying current, the dehydroxylation and decomposition of in-flight particles increased and the substrate temperature decreased when the spraying distance increased from 60 to 110 mm, which resulted in weak preferred orientation. Therefore, careful control of the melting state of in-flight particles and the substrate temperature are required to obtain HA coatings with high (002) preferred orientation. Although the conventional APS technique has been widely used for the fabrication of HA coatings, the preparation and characterization of atmospheric plasma spraying (APS) HA coatings with strong (002) preferred orientation have rarely been previously described [11] . Thus, the aim of the present study was to fabricate HA coatings with (002) preferred orientation by a conventional APS technique according to the relationship between the process parameters and preferred orientation [8] [9] [10] . Meanwhile, the microstructure and mechanical properties of the as-sprayed coatings were investigated.
Materials and Methods
Commercially spherical hydroxyapatite powders (≥98% purity, Medicoat AG, Mägenwil, Switzerland), with particle sizes of 38-45 µm were used for depositing coatings. Ti-6Al-4V plates (Φ25 mm × 3 mm) were used as substrates. A conventional APS system with a 9 MB plasma spray gun and 3M7-GH nozzle (SulzerMetco9M, Sulzer Mecto, Pfäffikon, Switzerland) was used to fabricate the HA coatings. The spraying parameters are listed in Table 1 . The raw particles were injected vertically into the plasma gun by argon carrier gas. Substrate temperature and coating surface temperature were measured by using an infrared temperature measurement (IMPAC IGA 140, LumaSense Technologies FmbH, Frankfurt, Germany). The as-sprayed and chemically etched cross-section morphologies of HA coatings were observed by Field Emission Scanning Electron Microscopy (FESEM, SU8020, Hitachi, Tokyo, Japan). Coating porosity was estimated using ImageJ 1.49v software. The phase composition of the raw powder and as-sprayed coating was determined by X-ray diffraction (XRD, D8ADVANCE, Bruker AXS GMBH, Bruker, Karlsruhe Germany) using Cu Kα radiation [1] . The quantitative analysis of various phases by the Rietveld method has been reported in previous literature [10] . The preferred orientation of the coating was determined with X-ray diffraction (XRD, Rigaku ULTIMA-PC, Rigaku, Tokyo, Japan) using Cu Kα radiation. The ratio of (002) to (211) along the coating depth was plotted to analyze the intensity changes of (002) preferred orientation along the coating depth [1] .
The bonding strength of the coatings was measured by a universal tensile test machine (CMT5504, SANS Testing Machine Co., Ltd., Shenzhen, China) [12, 13] . The specimens were attached to a cylindrical stainless-steel rod using instant adhesive glue (FM1000, Solvay, Brussels, Belgium). The microstructures of the fracture surface were observed by FESEM. Nanoindentation tests were performed using a Nano Indenter System (G200, Agilent, Santa Clara, CA, USA) on the mirror polished cross-sectional surface [14] . Micro-Vickers microhardness tests were performed using a digital microhardness tester (HXD-1000TMC/LCD, Shanghai taiming optical instrument Co. Ltd., Shanghai, China).
Results and Discussion
The chemical stability in the body flood and the mechanical performances of HA coatings must be taken into consideration for medical applications. These performances are influenced not only by the crystallinity, composition, porosity, and surface morphology, but also by the crystallographic texture [15, 16] . In this section, the microstructure and mechanical properties of (002) oriented HA coatings were analyzed.
Microstructure of (002) Oriented HA Coatings
The XRD analysis revealed that the surface layer of the coating consisted of about 85.2% HA, 2.0% tetra-calcium phosphate (TTCP), 3.8% β-tricalcium phosphate (β-TCP), and had a low content CaO phase (~0.7%) (Figure 1a) . The weak broad background between about 30 • and 35 • 2θ of the XRD pattern suggested the formation of minor amorphous calcium phosphate (ACP) (Figure 1a ). An ACP content of~8.3% was estimated by the XRD measurements according to the methods by Keller et al. [17] . The content of the HA crystals was~85.2%, which met the >50% content of HA crystals standard requirements (ISO 13779-2) [18] . The XRD patterns showed that the raw powder exhibited random crystal orientation ( Figure 1a) . However, the (002) peaks in the as-sprayed coatings appeared more intense and higher than those in the raw powder (Figure 1a) , which was evidence of the successful preparation of (002) oriented HA coatings using APS. The ratio of (002) to (211) 
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Mechanical Properties of (002) Oriented Coatings
Bond strength is an important property of HA coatings. The tensile test revealed the bonding strength of the HA coating with a strong (002) preferred orientation up to 19.1 ± 1.5 MPa. Fracture surface analysis suggested that the failure modes of those coatings involved both cohesion failure and adhesion failure (Figure 3a) . The magnified image of the fracture surface is shown in Figure 3c There was clear evidence that the internal fracture of a single splat occurred. Columnar grains were also observed, which showed that the existence of columnar grains could prevent crack propagation. 
Bond strength is an important property of HA coatings. The tensile test revealed the bonding strength of the HA coating with a strong (002) preferred orientation up to 19.1 ± 1.5 MPa. Fracture surface analysis suggested that the failure modes of those coatings involved both cohesion failure and adhesion failure (Figure 3a) . The magnified image of the fracture surface is shown in Figure 3c . There was clear evidence that the internal fracture of a single splat occurred. Columnar grains were also observed, which showed that the existence of columnar grains could prevent crack propagation. Hardness and elastic modulus are important parameters for biological coatings on the surface of implants. Nanoindentation was used to measure the hardness and elastic modulus of the (002) oriented coatings. Figure 4 shows the hardness-depth (Figure 4a ) and elastic modulus-depth curves (Figure 4b ) of the (002) oriented coatings at different positions. The average hardness of the coating was found to be 4.7 ± 0.5 GPa and the average elastic modulus was 83.3 ± 7.5 GPa. The fracture toughness of the coatings was calculated as follows [22, 23] :
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K IC = 0.016(E/H) (1/2) (P/C) (3/2) (1)
where E is the elastic modulus of the coating; H is the hardness of the coating; P is the indenter load; and C is the crack length caused by indentation. After calculation, the fracture toughness values of 1.7 ± 0.2 MPa m 1/2 were estimated for the (002) oriented coatings. Compared with other studies for conventional HA coatings fabricated using plasma spraying [24] , the (002) oriented coatings revealed a higher hardness, elastic modulus, and fracture toughness. The experimental results demonstrated that (002) oriented coatings prepared by conventional APS technique could improve the mechanical properties of implants. In addition, further studies are needed to elucidate the osteoconductivity of these coatings.
Conclusions
Hydroxyapatite (HA) coatings with strong (002) preferred orientation were successfully prepared on Ti-6Al-4V substrates by a conventional APS technique. The intensity changes of preferred orientation along the coating depth were investigated. The results indicated that the intensity of the (002) orientation in the upper part of the HA coating (90-180 µm) exhibited higher values than that at the bottom. The morphology of this region corresponded to a lamellar structure with uniformly distributed columnar grains in a direction perpendicular to the coating surface. The experimental results indicate that the (002) oriented HA coatings prepared by a conventional APS technique exhibited good mechanical properties. 
